Simultaneous sampling of aerosol (n = 20) and snow (n = 114) was made at Glacier 1, Tien Shan, between May 19 and June 29, 1996. Similar temporal patterns of some major ion (calcium, magnesium, potassium, sodium, chloride, and sulfate) concentrations between snow and aerosol show that snow chemistry basically reflects changes in the chemistry of the atmosphere. This gives us confidence in the reconstruction of past atmospheric change using some snow data. There are no significant correlations between aerosol and snow samples for ammonium and nitrate. This suggests that postdepositional and/or postcollection processes may alter ammonium and nitrate concentrations in snow. The fact that the measured cations in aerosol and snow always exceed the measured anions suggests that the atmosphere is alkaline over Glacier 1, Tien Shan. In aerosol and snow samples, calcium is the dominant cationic species, with sulfate and presumed carbonate being the dominant anions. There is a very good inverse relationship (r = 0.96) between the equivalence ratio of calcium to sulfate and the ratio of ammonium to sulfate in aerosols, but this relationship does not hold for snow. This further suggests that postdepositional and/or postcollection processes exert important controls on ammonium concentrations in snow. Although melt-freeze cycles might increase the concentration of all crustal species through progressive dissolution of dust, these cycles seem most important for magnesium and carbonate.
Introduction
Glaciochemical records have been extensively studied over polar ice sheets and mountain glaciers and have become established as one of the primary archives of atmospheric composition of the past ]. However, the interpretation of glaciochemical records is based on the assumption that there is a close relationship between changes in chemical composition of the atmosphere and that in snow [Wolff, 1996] . To fully interpret glaciochemical records of change in the composition of the atmosphere, recent studies have tried to develop transfer functions among air, snow, and ice [Dibb and Jaffrezo, 1997] . Several programs, initiated at Dye 3 (south Greenland) in 1989 and now running at Summit (central Greenland), have started to address these problems [Dibb el al., 1992; Dibb and Jaffrezo, 1997; Davidson et al., 1993] . The Dye 3 Gas and Sampling Program (DGASP), in which a wide variety of constituents were sampled in aerosol and fresh snow [Jaffrezo and Davidson, 1993] , was designed as an international effort to study the processes influencing chemical species that eventually reach the deep ice in the south of Greenland. Detailed examination of a 2-week period in April 1989 during the Dye 3 Gas and Aerosol Sampling Program showed that although the overall seasonal pattern in the air was reflected in the snow for a number of species (e.g., MSA, sulfate, sodium, Paper number 98JD01802. 0148-0227/98/98JD-01802509.00 calcium, aluminum), it was difficult to use snowpit and ice core data to identify specific daily events [Davidson el al., 1993] . Natural radionuclides such as 7Be and 21(Ipb in thc atmosphere and snow near Summit, Greenland, indicate the complexity of air-snow transfer processes [Dibb ctal., 1992] . For the reversible species, i.e., volatile components of the atmosphere, postdepositional processes modify chemical concentrations in snow [Dibb el al., 1994] . However, little attention has been given to air-snow relationships in mountain glaciers. Only one study conducted at central Asia reported the major ion concentration of aerosol collected by Teflon filter using a low-volume sampling system [Wake el al., 1994] .
Although the chemical composition of the snowpack at Glacier 1, Tien Shan, was investigated by Wake el al. [1992] and Williams el al. [1992] , no companion aerosol studies have been conducted to date. Since Glacier 1 is near the Lanzhou Institute of Glaciology and Geocryology (LIGG) Mountain Glaciological Station and Daxigou Meteorological Station, it is relatively easy to carry out daily aerosol and snow sampling and to compare these measurements to meteorological data. Simultaneous aerosol and surface snow samples were collected between May 19 and June 29, 1996, at Glacier 1, Tien Shan, and analyzed for major ions using ion chromatography.
The main purpose of this study is to examine the temporal variation in aerosol composition over Glacier 1, Tien Shan, and investigate air-snow relationships through companion studies of snow composition as an aid to interpreting future ice core data.
Site Description
All samples used in this study were collected from Glacier 1 (43.05øN latitude, 86.49øE longitude) in the eastern Tien Shan of northwest China (Figure 1) . The Tien Shan is bordered by 28,021 Glacier 1 (area 1.84 km 2) consists of two branches, surrounded by extensive ice free areas. The valley floor is covered by sparse vegetation. Glacier 1 is about 2.5 km away from the Daxigou Meteorological Station, which has been in continuous operation for 38 years. 
Experimental Methods

Aerosol Sampling
Snow Sampling
Fresh snow and surface snow samples were collected near the aerosol-sampling site (about 30 m away from aerosolsampling site). Almost all snow samples were collected at hourly intervals during the aerosol sampling period. The number of snow samples (3-9) was determined by the aerosolsampling period, which was largely controlled by the weather.
Fresh snow was collected within 24 hours after the end of snow events. Snow samples were collected in plastic bags using a level. There is no correlation among these species and NH•.
All correlation coefficients are shown in Table 2 .
The statistical data presented in Tables 1 and 2 Sample number is 20, if r > 0.679, the correlation is significant at p = 0.001. However, year-round sampling is needed in this region to characterize temporal trends. It is interesting that the equivalence ratio of ammonium to sulfate shows a very good inverse relationship to the equivalence ratio of calcium to sulfate (Figure 3) . The correlation coefficient between the two ratios is 0.96 (p = 0.001). Average equivalence ratios of ammonium to sulfate are 0.33, 0.86, 1.08 in May 19-27, June 5-19, June 24-29, respectively, while the corresponding values for the equivalence ratio of calcium to sulfate are 3.71, 1.72, 0.59, respectively.
Soluble Species in Snow
Fresh and surface snow samples collected during the aerosol sampling period were analyzed for major ions. All snow samples were collected near the aerosol sampling site. The concentration of surface snow presented here is a mean value of the snow samples collected on any particular day.
It is noteworthy that snow samples were melted twice before analysis. It has been suggested that melt-freeze cycles can increase the concentration of calcium, magnesium, and acidneutralizing capacity (ANC) in the samples because of the dissolution of dust [Williams et al., 1992] . Ammonium concentrations are questionable when samples have been melted before analysis. So, it is possible that postcollection processes altered the ionic concentrations in the snow samples. Table 3 compares the mean concentration of the major ions , 1992] . The concentrations of magnesium and calcium in our samples are higher than those reported in previous studies. However, the concentration of other major ion species are comparable to those in previous studies. This may be explained by the fact that our samples are surface snow from the spring to summer period, while the comparison data are snowpits that include winter to spring snow. During the study period, especially in May, there are a lot of visible particles in the surface snow. Compared to previous studies, magnesium seems much more enriched than other species in our snow samples. Perhaps melt-freeze cycles have a greater influence on magnesium dissolution than other species. However, high values of magnesium and calcium do reflect high-dust flux to the snow surface. Linear regression analysis between water soluble species from the snow samples shows that sodium and chloride are highly correlated (r = 0.99). Calcium is correlated very well with magnesium and potassium (r = 0.92, 0.96). All of the coefficients are shown in Table 4 . The strong inverse relationship seen in the aerosol samples between the equivalence ratios of ammonium to sulfate and of calcium to sulfate does not show up in snow samples. This suggests that postdeposition and/or postcollection processes may alter ammonium concentrations in the snow samples.
Discussion and Conclusions
Potential Artifacts in Aerosol Samples
Earlier studies [Pierson et al., 1976; Lipfert, 1994 ] have reported artifacts during aerosol sampling using either filter pack or denuder methods. Because of advantage in handling and costs, the filter pack is more frequently used than denuders. In the filter pack, the air is drawn though an assemblage of filter in series. The particulate material is collected on the first filter (usually Teflon) and gaseous components on subsequent filters (e.g., HNO 3 on nylon, NH 3 on acid-impregnated filters). However, The denuder method, which is to collect gaseous components of interest first and then the particles, is believed to give the best separation of the gas and particles. 5. , 1997] , and sulfate and ammonium concentrations were not subject to any significant artifacts.
Relationship Between Aerosol Ionic Concentration and Precipitation
Weather conditions had an effect on the aerosol ionic concentration in the study area during the sampling period. Generally, the weather at the study site is clear until 1400, then it is cloudy or snowing. Wet deposition is an effective mechanism for the removal of aerosols, especially in the size range of 0.1-10 /•m [Barde, 1985] . Therefore it is expected that low aerosol ionic concentrations will be measured following snow .>.•..•',•123%o,,• i::.: 26O/o .:..' .•  :. [. 36%
:. :. :. , >.3 '• '"' '•'<  "'•....•-.-.•.'.' 4•...'.'-: events, as is the case for May 24 and June 5 but not for June 27 (Figure 2) . Concentrations were lower on June 27, then increased on the following two days although there was little snow, because of less scavenging of atmospheric constituents. Therefore it seems that precipitation events must exceed an intensity threshold in order to exert an important influence on the temporal variation in the aerosol ionic concentrations. Aerosol ionic concentrations appear to steadily increase on the following clear days such as May 25, 26, and June 6. Unfortunately, the data set is too small to make a definitive conclusion. In addition, aerosol ionic concentrations are affected by many processes, including upwind chemical processes, removal of wet and dry deposition, and variability in source regions. To understand which process is important for aerosol ionic concentration in the study area, year-round meteorological data and more detailed aerosol sampling, such as daily or weather dependent sampling, is necessary.
Soluble Species in Aerosols and Their Sources
To compare the relative contribution of each species to the aerosol loading, the percentage of total ionic charge (=25;+) was calculated on a sample-by-sample basis, then averaged (Figure 4) . AC is the excess of cations relative to anions (Table   1) As seen from Figures 2a and 2b, Ca •+, Mg 2+, K +, Na+, C1- have very similar patterns during the study period suggesting that they may have common source areas. Na + and C1-in the Tien Shan represent an input of Na and C1 rich dust originating from the extensive evaporite deposits in the arid regions surrounding these mountain ranges [Wake et al., 1990] . Potassium is probably also derived from these evaporites, because it is chemically similar to sodium. Further, sodium, chloride and potassium show very high correlations with calcium and magnesium (Table 2) . Calcium and magnesium are accepted proxies for dust [Wolff, 1996; Mayewski et al., 1993] . 2a-2c , although the general variability for the first two categories are similar, the relative amplitudes are different. If nitrate and sulfate were derived from dust, they would probably have similar patterns to calcium, and magnesium, especially during periods with high dust. However, the amplitudes of nitrate and sulfate concentration variation are much smaller than those of the first group. This suggests that anthropogenic emissions are a more important source for both nitrate and sulfate than crustal dust during spring and early summer. Under an alkaline atmospheric environment, gaseous H2SO 4 and HNO.• can be absorbed on the surface of mineral particles and react to form salts [Mamane and Gottlieb, 1992; . This may be the reason that sulfate and nitrate have a significant correlation with calcium, magnesium, potassium, sodium, and chloride. In some cases the equivalence ratio of ammonium to sulfate exceeds 1 (Figure 3) , perhaps resulting from the presence of NH4NO • [Warneck, 1988] .
Variation in ammonium (Figure 2d) is different from those of other species in Figures 2a-2c . It does not show clear trends during the study period. Large-scale transport of ammonium seems unlikely because ammonia has a relatively short lifetime due to its heterogeneous conversion and atmospheric deposition processes [Stedman and Shetter, 1983] . The potential sources for ammonia which exist in this region are biomass burning, livestock, and soil emissions resulting from the use of nitrogen fertilizers (e.g., NH4NO •, (NH4)2804, (NH2)2CO) .
The equivalence ratio of ammonium to sulfate shows a strong inverse relationship to that of calcium to sulfate. The inverse relationship between the equivalence ratio of ammonium to sulfate and of calcium to sulfate also appears in the Hidden Valley aerosols [Shrestha et al., 1997 ]. This may be explained by the fact that some of the sulfate is associated with mineral particles and another part with ammonium. When dust is the dominant aerosol, the sulfate associated with dust has a large contribution to the total sulfate in aerosol. Hence the equivalence ratio of ammonium to sulfate is lower with an increase of dust or a higher ratio of calcium to sulfate. When secondary aerosol and dust are both dominant in aerosols, sulfate associated with ammonium is much more important to the total sulfate in the aerosol, thus the ratio of calcium to sulfate decreases with the increase of secondary aerosol.
Since ammonium and sulfate are the major soluble components of tropospheric aerosols [Gorzelska et al., 1994; Warneck, 1988] , more attention has been paid to these species and their ratio. Warneck [1988] suggests that ammonium and sulfate exist mainly as NH4HSO 4 and (NH4)2SO 4 in the continental aerosol, based on the equivalence ratio of ammonium to nonsea-salt sulfate (range from 0.5 to 1). Barrie et al. [1990] demonstrated that Arctic airborne sulfates are mainly associated with NH4HSO 4 and H2SO 4. Shrestha et al. [1997] suggest that ammonium exists mainly as NH4HSO4, based on the mean equivalence ratio of ammonium to sulfate of 0.69 found in the generally basic or slightly acidic aerosols collected in Hidden Valley, Nepal. Ammonium was well correlated with sulfate in that study.
Extreme care should be taken in explaining the association between ammonium and sulfate using the ratio of these two species. For our aerosol samples, the equivalence ratio of ammonium to sulfate is different in the samples collected in May  19-27 (0.33), June 5-19 (0.86), and June 24-29 (1.08) . It has been suggested that ammonia is the dominant atmospheric gaseous base available for neutralizing H2SO 4 and HNO3 [Whitlow et al., 1994] . Besides ammonia, continental-source calcium carbonate and marine-source sea salt are believed to be able to neutralize the acidity of the atmosphere [Silvente and Legrand, 1993] . It seems unlikely that H2SO 4 would be an important constituent in our aerosol samples because the samples are alkaline. However, the equivalence ratio of ammonium to sulfate does not allow us to discriminate between NH4HSO 4 or (NH4)2SO 4 as the dominant ammonium species in the aerosol. As mentioned above, the aerosol is dominated by dust in May, with more even distribution between dust and secondary aerosol in June. The ratio is only an estimate for the relative contribution of secondary aerosol to the aerosol loading.
Aerosol-Snow Relationship
Scavenging ratios were calculated using snow and aerosol data according to the relationship w = 9, Cs/C,, where Cs is concentration in snow (ng g-•), Ca is concentration in air (ng m-3), and 9a is density of air (g m-3). Large values of w suggest efficient scavenging of this species by snow [Davidson et al., 1985] . Because no aerosol samples were collected during the snow events, we use the aerosol sample from the day before each snow event and the first snow sample collected after the event to calculate the scavenging ratio. Because the ammonium concentration in snow is questionable, nitrate concentration in aerosol may be lower than the true value, ammonium and nitrate data were excluded from the analysis. Mean values of scavenging ratios at Tien Shan are compared to results from previous studies in Table 5 91, 0.95, 0.91, 0.79, 0.76, and 0.63 for calcium,  sodium, chloride, potassium, magnesium, and sulfate, respectively, which are significant at the 95% confidence level. This suggests that the concentrations of most species, especially calcium, sodium, and chloride, in snow reflect changes in atmospheric composition. This finding gives us confidence in the reconstruction of past atmosphere change using some snow data, although postdepositional processes can alter the records of snow to some extent.
For ammonium and nitrate the concentration in the atmosphere is composed of gaseous ammonia and particulate ammonium, and gaseous HNO 3 and particulate nitrate. Legrand and Mayewski [1997] pointed out that the situation is more complex for the species present in the gas phase in the atmosphere than for particulates because they sometimes interact strongly with ice. Postdepositional processes have been observed in studies of HNO3 [Mayewski and Legrand, 1990; Yang et al., 1995] and HC1 [De Angelis and Legrand, 1995] . Concentrations in snow for these species may not clearly reflect atmospheric signals [Legrand et al., 1996] . Postdepositional processes maybe exert an important control on the concentration of nitrate in snow. So future long-term investigation should collect gas, aerosol, fresh snow simultaneously, and take some measure to guarantee the quality to make studies more valuable, including empoying different sampling methods, minimizing the contamination, keeping the snow sample frozen, using meteorological data, etc.
